ABSTRACT The microwave wireless power transfer is a power transmission device that breaks through the limitation of the transmission line, and is helpful for handling equipment power supply problems in complex scenes. Thus, it has a wide array of applications. This paper focuses on the research and design of the core components of the receiving part of the microwave wireless power transfer, it optimizes the material physical parameters and geometrical parameters of the device to improve the energy conversion efficiency. First, we using the ADS simulation tool, the relationship between the electrical parameters of the schottky diode and the energy conversion efficiency is obtained by adjusting the SPICE parameters of the schottky diode. The optimal design principle is proposed, which lays a theoretical foundation for the optimization design of the subsequent high energy conversion efficiency rectifier device. Second, basing on the diode rectification principle and the theoretical basis obtained in the first part, a GeSn folded space charge on the insulating layer is proposed. Using the device simulation tool Silvaco to adjust the physical parameters of the device material and the geometrical parameters, the device structure of the GeSnOI folded space charge region Schottky diode is obtained. The results show that compared with the traditional structure Ge schottky diode, the folded space charge region schottky diode optimized in this paper has the advantage of significantly improving its energy conversion efficiency, and the energy conversion efficiency is improved by 8.1%.
I. INTRODUCTION
Microwave Wireless Power Transfer (MWPT) can convert microwave input electromagnetic energy into DC power, which breaks through the limitation of transmission line [1] - [6] . Various technologies derived from it have broad prospects in dealing with power supply and energy harvesting applications in complex scenes [7] - [10] . As we all know, conversion efficiency (also known as rectification efficiency) marks the ability of microwave energy to be converted into DC energy, which is a key indicator for evaluating MWPT. Hence, improving the conversion efficiency of MWPT has
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become a hotspot and focus of research and development in the field [11] - [15] .
The typical MWPT structure is shown as Figure 1 . It consists of two parts: the transmitting end and the receiving end. The function of the transmitting end is to convert the direct current energy into microwave energy and transmit the energy through the transmitting antenna. At the same time, the receiving end aims to convert the received microwave energy into direct current energy through the rectifying antenna to supply the load. From this we can see, the overall conversion efficiency of MWPT consists of three parts: the efficiency of the transmitting end, the space propagation loss and the efficiency of the receiving end, which is the product of the efficiency of the three parts. Accordingly, improving the conversion efficiency of MWPT can be considered from these three perspectives.
Relatively speaking, the space for improving the efficiency of the transmitting end is very limited. The reduction of spatial propagation loss is mainly achieved through antenna structure optimization [14] , [16] - [21] , but research in this area is relatively mature. Therefore, the research work to improve the conversion efficiency of the microwave wireless power transfer mainly focuses on how to improve the rectification efficiency of the rectifier circuit at the receiving end [22] - [31] . The improvement of the rectification efficiency of the rectifier circuit at the receiving end can be achieved by optimizing the circuit structure or by optimizing the design of the core components of the rectifier circuit. Currently, the former has a lot of relevant literature reports, and the research involving the latter has rarely been reported.
Ge schottky rectifier diodes [32] , [33] are simple in structure and low in manufacturing cost. Their series of products can be applied from high energy density to low energy density, even to ultra-low energy density RF environment. It is a commonly used rectifier diode for MWPT [34] . From a theoretical point of view, the rectification efficiency of the rectifier circuit is closely related to the turn-on voltage of the rectifier diode, internal resistance, capacitance, and breakdown voltage. In view of this, this paper uses the frequency 2.45G microwave wireless power transfer as the application background, and optimizes the Ge schottky diode in the rectifier circuit through the joint simulation of ADS (Advanced Design System), Silvaco and HFSS (High Frequency Structure Simulator). Designed to achieve improved energy conversion efficiency in microwave wireless power transfer. The research methods and related conclusions of this VOLUME 7, 2019 paper can provide useful technical reference for microwave wireless power transfer research.
II. DEVICE OPTIMIZATION PRINCIPLE
This section focuses on the application goal of energy conversion efficiency improvement of microwave wireless power transfer. It mainly discusses the optimization principle of Ge schottky diode for microwave wireless power transfer, and lays a theoretical foundation for the subsequent optimization design of the device.
A. DEVICE MODEL SELECTION
The commonly used Schottky diodes for microwave wireless energy transfer systems are the HSMS type diodes produced by Agilent. There are usually four types of diode materials consisting of Ge materials, such as HSMS-2810, HSMS-2820, HSMS-2850, and HSMS-2860. For different application scenarios, the Schottky diode that best suits this scene should be selected. In order to obtain the highest AC/DC conversion efficiency, the input impedance of different Schottky diodes under different filter capacitors and load resistance is studied, and the rectification efficiency changes with the input energy, so that the most suitable Schottky diode is selected as the follow-up study.
It can be seen from Figure 3 (a) that the conversion efficiency of the schottky diode of the HSMS-2850 model is better in the lower energy range, and the conversion efficiency of the schottky diode of the HSMS-2820 model is better in the high energy range. Also, the HSMS-2860 schottky diodes has the highest energy conversion efficiency, followed by HSMS-2820. This shows that different types of Ge schottky rectifier diodes can be used in different scenarios. From this point of view, each type of Ge schottky diode can be used as the model of the Ge schottky diode for simulation.
Nevertheless, Figure 3 (b)∼(d) show that the HSMS-2810 schottky diode has the lowest reflection coefficient and the lowest energy loss at the frequency of 2.45 GHz, followed by the HSMS-2820 Schottky diode. The real part of the input impedance of the HSMS-2810 schottky diode is the most gradual. From the perspective of input impedance, HSMS-2820 or HSMS-2810 schottky diodes will be a better choice. It is also beneficial to design the impedance matching circuit with the HSMS-2860 and HSMS-2850 schottky diodes.
In summary, the HSMS-2820 Schottky diodes has high energy conversion efficiency, gentle impedance variation, and small reflection coefficient, which mak it easier to design an impedance matching circuit. Therefore, this article intends to use it as a research object. 
B. PROPOSED OPTIMIZATION OF DEVICE PARAMETER SELECTION
Owing to the Spice parameter of Ge schottky diode is closely related to the rectification efficiency of rectifier circuit. This section intends to use HSMS-2820 as the research object, and study the influence of zero offset capacitance, reverse breakdown voltage and series resistance on the rectification efficiency of rectifier circuit. The influence, reveal the relationship between them, and then select the device parameters to be optimized by the subsequent Ge schottky diodes, and propose the principle of the optimized design of the HSMS-2820 Ge Schottky diodes.
Using the ADS tool, the zero-bias capacitance C j0 , series resistance and breakdown voltage of the Ge schottky diode SPICE model are scanned (see Figure 4 above). The scanning results are shown in Figure 5 below. It can be seen from Figure 5 that by adjusting the zero-bias capacitance in the SPICE model of the device, we observe that reducing the zero-bias capacitance is beneficial to the improvement of the rectification efficiency and is beneficial to the design of the subsequent matching circuit.
Further analysis of the effect of series resistance on the rectification efficiency, it can be seen from the highest point of the conversion efficiency curve of Figure 6 that as the series resistance of the schottky rectifier diode decreases, the efficiency of the rectifier circuit will increase.
To this end, we verified whether the turning point of the rectification efficiency is consistent with the expectation that the turning point will lag with the increase of energy as the breakdown voltage is higher, and the breakdown voltage is simulated on the rectifier circuit. The result is shown in Figure 7 , it shows that with the increase of withstand VOLUME 7, 2019 voltage, the maximum conversion efficiency is gradually increased upwards on the original curve, and the higher the withstand voltage, the higher the conversion efficiency.
In conclution, the small zero-bias capacitance and small series resistance should be used as the principle of the optimized design of the HSMS-2820 Ge schottky diodes.
III. DEVICE DESIGN AND SIMULATION

A. DEVICE MATERIAL AND STRUCTURE DESIGN
On account of that physical parameters of the material is one of the key factors determining the performance of the Ge Schottky diode, increasing the electron mobility of the Ge semiconductor material can effectively reduce the series resistance of the device, thereby improving the rectifying ability of the HSMS-2820 Ge Schottky diode. Studies have shown that the modification of Ge semiconductor materials by about 10% Sn alloying can transform Ge from an indirect bandgap semiconductor to a direct bandgap semiconductor. The change of the band gap type causes the electrons to mainly reside in the enamel valley instead of the L energy valley. Since the effective mass of the yoke valley electron is about half of the L energy valley, the electron mobility of the modified Ge semiconductor material and the pure Ge semiconductor. Thus, the material can be doubled compared to the material (see Figure 8 below). According to this principle, this paper optimizes the design of the HSMS-2820 Ge schottky diode using Ge-modified Ge 1−x Sn x semiconductor as the active layer of the device.
After completing the device material design (doping concentration subsequent consideration), the device structure design is further discussed. In order to effectively reduce the zero-bias capacitance of the Ge Schottky diode, this paper proposes the structural design concept of the folded space charge region (see Figure 9 below). As the figure shown, the GeSnOI technique for growing GeSn material on SiO 2 causes the space charge region to be longitudinally depleted first when a voltage is applied to the anode of the schottky diode. When the applied reverse bias voltage is sufficiently large, after the longitudinal complete depletion, the semiconductor material can only be laterally depleted due to the underlying insulating layer. Below the material is an insulating layer and therefore can only be depleted laterally. That means when the anode is applied with a reverse bias voltage, the space charge region undergoes two processes: first, the longitudinal voltage is depleted under a small voltage. Second, when the voltage continues to increase, the longitudinal direction is completely depleted. At this time, the width of the longitudinal depletion region is constant, futhermore, the space charge region is constant. It will be exhausted in the horizontal direction. This type of schottky diode is referred to as a partially depleted GeSnOI SBD. When the Schottky diode is not biased, the space charge region formed by the contact of the metal with the semiconductor at this time has reached the longitudinal thickness of the semiconductor material in the device structure, that is, it has been longitudinally depleted without biasing, and after the bias is applied. This type of Schottky diode is called a fully depleted GeSnOI SBD, only in lateral depletion. Hence, due to the difference from the traditional schottky diode structure, the schottky diode designed in this paper doesn't have a longitudinal space charge region like the traditional schottky diode, but a vertical space charge region and a lateral space charge region. The combination of the parts is similar to folding the original longitudinal space charge region into two parts, so it is called a schottky diode that folds the space charge region. Since the space charge region is divided into a longitudinal space charge region and a lateral space charge region, its capacitance is also divided into two parts, a vertical capacitance and a lateral capacitance. In the model of the device, the two capacitors belong to a series relationship. Due to the nature of the capacitor series, the total capacitance will be reduced.
As shown in Figure 10 below. It's noted that the work function refers to the energy difference between the Fermi level and the vacuum level. Among them, qφ m is recorded as the work function of the metal, and the work function of the semiconductor is q(χ + φ n ), where qχ is the electron affinity of the semiconductor material. It is the energy difference from the bottom of the conduction band E c to the vacuum level. qφ n is the energy difference between the conduction band bottom E c and the semiconductor Fermi level E F . The potential difference between two work functions φ m − (χ + φ n ), called the contact potential. During thermal equilibrium, as the negative charge on the metal surface increases, the positive charge accumulated in the semiconductor depletion layer also increases, and the numbers are equal and opposite. Therefore the barrier height is
Here the upper metal is W. The difference between the work functions of Ge and W is 0.42 ev, and the calculation method of linear difference is available. For partially depleted GeSnOI folded space charge region SBD, its longitudinal capacitance is:
Transverse capacitance is:
where
is the longitudinal junction capacitance of the schottky diode under ideal conditions, ε s refers to the dielectric constant of the Ge material, V bi refers to the built-in potential difference of the schottky diode metal-semiconductor contact, V R refers to the reverse voltage applied to the schottky diode, V PT refers to the longitudinal punch-through voltage of the schottky diode, and T epi refers to the epitaxial layer doping thickness of the GeSnOI folded space charge region schottky diode.
Thus the junction capacitance is:
For the fully depleted GeSnOI folded space charge region SBD, the vertical capacitance is:
Hence the summary capacitance is:
B. FOLDING SPACE CHARGE REGION SCHOTTKY DIODE SIMULATION
Based on the GeSnOI folded space charge region schottky diode structure, this section intends to simulate the GeSnOI folded space charge region SBD through the device simulation tool Silvaco. Figure 11 shows the forward IV curve of the Schottky diode at different doping concentrations of the epitaxial layer. It can be seen that as the doping concentration of the semiconductor epitaxial layer increases, the forward conduction current also increases gradually. This is because the doping concentration is increased, and the electrons in the epitaxial layer are free to move, that is, the carrier concentration is increased. As the voltage gradually increases, its forward characteristic also becomes flat, which is due to the fact that the diode is in the form of a resistor when it is forward-conducting. Since the change in the barrier height causes a change in current density, the change in carrier concentration/density can be visually observed by the change in current density. As shown in the figure below, the larger the carrier concentration, the larger the current, indicating that the barrier height is larger.
It can be seen from the Figure 12 that GeSn material is epitaxially grown on the insulating layer SiO 2 to form a GeSnOI material. The left side of the Ge material is a heavily doped buffer layer, and the doping concentration is 2×10 20 cm 3 , the role is to form an ohmic contact. What's more, the right side is a lightly doped region in which the doping concentration is 3.8 × 10 17 cm 3 . The schottky diode is a lateral structure with a SiO 2 recess in the middle, so that the lateral current is confined to a narrower area, adjusting its electric field.
As shown in Figure 13 , the doping concentration of the device and the distribution of carriers in the device, because the schottky diode anode and cathode are N-type doped, that is, the junction between light doping and heavy doping is a homojunction, where the doping concentration is abrupt. And since they are all N-type doped, their doping concentration is substantially the same as the multi-carrier carrier concentration therein, and the hole concentration is substantially negligible. Figure 14 shows the longitudinal electric field and transverse electric field of the GeSnOI folded space charge region schottky diode. It can be seen from the figure that when a forward voltage is applied to the schottky metal, the schottky diode is forward biased. In addition, the electric field in the longitudinal region gradually decreases from the anode to the thickness of the entire epitaxial layer, reaching a minimum value of 0 at the insulating layer. In the lateral region, 0-0.5 micrometers is at the end of the longitudinal depletion, where the electric field strength does not change much. Starting from 0.5 microns, since the lateral current is confined to a narrower region, the transverse electric field intensity is relatively large, and the intensity of the electric field is relatively large until the concentration is abrupt. Then, the electric field intensity is gradually reduced to zero in addition to the sudden change in concentration. Figure 15 below shows the potential distribution inside the device when the forward voltage is applied to the schottky diode. The distribution trend of the potential in the figure is consistent with the trend of the electric field distribution. The VOLUME 7, 2019 FIGURE 10. Energy band structure of metal semiconductor. potential at the anode is the highest, and the potential layer below the anode electrode gradually decreases. In the lateral region, the potential gradually decreases from the lowest longitudinal value, the change is gentle.
In the n-type region, the expression of the electric field is as follows:
By integrating the electric field, the potential expression in the n region can be obtained, and the potential expression in the n region can be obtained as
which is (10) where N a is the concentration of the acceptor impurity in the semiconductor material, N d is the concentration of the acceptor impurity, ∈ s is the dielectric constant of the semiconductor, C 2 is the integral constant. Figure 17 shows the current density distribution inside the GeSnOI folded space charge region schottky diode. It can be seen from the figure that when the forward voltage is applied to the anode, the maximum current density is distributed in the narrow epitaxial layer region. When the schottky diode is positively biased, the current has a tendency to flow inwardly into the lateral region. Since the lateral region has a barrier of the upper and lower insulating layers, the lateral epitaxial layer region is narrowed, meanwhile, the electric field is applied to the schottky diode. The analysis of the potential can be seen that the electric field intensity changes significantly in a narrower region, and the potential gradually decreases from the anode to the cathode, which also explains the reason for the higher current density in the narrower epitaxial layer region.
Meanwhile, we can obtain the ideality factor and high voltage series resistance from Figure 17 .(a) as follows.
Ideality factor n: In the low current range, a small voltage drop is produced across the series resistor, and the voltage change is constant over each order of magnitude of the current. The expression of the ideal factor n is:
Among them V is the junction voltage variation in the current range of each order, and e is 2.7183. At 27 • C, the ideal factor is:
It is calculated that n = 1.04.
Is:
The ideality factor n is known, and it can be calculated from any point on the straight line of the volt-ampere characteristic:
Series resistance Rs:
The deviation of the DC volt-ampere characteristic curve from the straight line in the high current range is caused by the voltage drop across the series resistor R s . The deviation between the straight line at the current I d and the DC voltampere characteristic curve is V d , then R s is
The calculation results are shown in the Figure 16 below. Figure 18 below shows the forward and reverse IV curves of the target GeSnOI folded space charge region schottky diode. As can be seen from the figure, the turn-on voltage of the schottky diode is about 0.2V. In pace with the anode voltage increases, the forward current gradually increases. In the case of a large voltage, it appears in the form of a linear resistance, which is consistent with the semiconductor theory. Observing the inverse curve, we see that the designed schottky diode reverse breakdown voltage is about 14V. the GeSnOI folded space charge region schottky diode designed in this paper has been longitudinally depleted in the case of zero bias voltage. The space charge region has been extended to the lateral direction. Due to the junction capacitance is formed by connecting the space charge region capacitor which is completely depleted in the longitudinal direction and the lateral space charge region capacitor in series. As a result, the capacitance value in the case of zero bias is small. As we know, the rectifier circuit is the most important component of the microwave wireless power transfer. We convert the specified 2.45 GHz microwave energy into DC energy for load use. The theoretical analysis of the key device schottky diode in the rectifier circuit will reduce the zero-bias capacitance of the key parameters affecting the energy conversion efficiency, thereby improving the microwave energy conversion efficiency. In order to verify whether the energy conversion efficiency is improved, the schottky diode designed above is brought into the rectifier circuit for simulation. The forward I-V curve, the inverse I-V curve and the C-V curve at 2.45 GHz of the fully depleted GeSnOI folded schottky diode designed in this paper are taken into the Cadence Model Editor software to extract the SPICE parameters of the device. Shown as Table 1 .
The SPICE parameters are brought into the ADS simulation software. The circuit simulation diagram is shown in Figure 20 . The load resistor series capacitor is the same as the HSMS-2820 schottky diode. Thus, the simulation results obtained are shown in Figure 21 . When the impedance is mismatched, the energy conversion efficiency is 18.3%. At this time, most of the energy is reflected due to the impedance mismatch. Using the impedance self-matching model, the simulation results shown in Figure 22 can be obtained. By observing the curve, it can be seen that the overall result is better, the impedance change is smooth and easy to match. Moreover, the energy conversion efficiency reaches 77.2%. As shown in Figure 23 , the GeSnOI folded space charge region schottky diode designed in this paper is compared with the HSMS-2820 schottky diode, the energy conversion efficiency is improved by 8.1%. In contrast to the GeOI folded space charge region schottky diode, the energy conversion efficiency is improved by 6.3%. It can be verified that the way of optimizing the schottky diode structure in this paper has an essential improvement on the energy conversion efficiency of the microwave wireless power transfer system. The system built using its key rectifying device as a microwave wireless power transfer system has higher energy conversion efficiency than the system constructed by schottky diodes currently on the market. 
IV. CONCLUSION
In order to improve the energy conversion efficiency of microwave wireless power transfer, this paper starts with the key rectifier device schottky diode, analyzes the energy conversion efficiency of common schottky diodes currently widely used in microwave wireless power transfer, and finally establishes GeSnOI. The schottky diode model of the folded space charge region structure is simulated by a device simulation tool. In the simulation test of different shunt capacitors and series resistors, it can be known that the HSMS-2820 schottky diode has very good energy conversion efficiency for operating at 2.45 GHz, which can reach up to 62.9%. Finally we choose 100pF shunt capacitor and 1000 series resistor. The energy conversion efficiency of the resistor can reach 77.2%. After the SPICE parameters of the HSMS-2820 schottky diode are adjusted and simulated, we can obtain the following conclusions: the series resistance, junction capacitance and reverse breakdown voltage of the schottky diode have an effect on the energy conversion efficiency, which is shown to reduce the series connection. The resistance and junction capacitance can greatly reduce the internal loss of the schottky diode, significantly increasing its energy conversion efficiency. Meanwhile, increasing the reverse breakdown voltage can increase the energy range of the system operation. 
